FOR MANY YEARS physiologists and clinicians have sought means of assessing the functional capacity of the human heart. Universal agreement, however, has not been achieved in such fundamental principles as the role played by stroke volume in augmenting cardiac output in the normal subject. In cardiac disease consistent patterns of abnormal behavior of the heart, excluding pressure measurements, have not been fully documented.
This investigation was undertaken with the premise that, in the final analysis, cardiac output represents the only role of the heart, and that an integral part of this role is to increase its output proportional to tissue demands, at least within certain limits. With use of graded exercise as a mechanism of stress, the response of the cardiac output and related measurements was characterized in normal human beings and compared with the results of identical studies of people with uns-lected heart disease. Derived from our data are concepts relating to the performance of the normal and failing human heart.
Methods and Procedures
The major portion of this investigation is comprised of 32 complete studies on 29 subjects, 15 of whom had no evidence of cardiovascular or pulmonary disease. A history and phvsical examination, electrocardiogram, and routine posteroanterior chest x-ray were obtained in each case to permit adequate clinical evaluation. Studies were perfornmed in the laboratory with the subject in the supine position on an exaniining table, at the foot of which was mounted a generator bicycle ergometer. This ergometer is so designed as to perm-it varying the work load of exercise by means of an external switch, which changes the internal resistance to pedaling. The rate of pedaling was kept constant. The intensity of work performed was calculated from a previously constructed calibration curve which relates electrical current generated to energy expended for each resistance used. Both the subject and an observer ascertained that the ammeter needle was kept at a constant and predetermined point during each entire exercise period. Cardiac output was determined by a modification of the Hamilton dye-dilution technic with use of a Colson cuvette densitometer to inonitor arterial dye coneentration. Approximately 5 ing. of dye, indocyanine green (Cardiogreen®), were delivered rapidly into an antecubital vein for each determination by the method of flushing 10 to 15 nl. of normal saline through a specially constructed volume-calibrated glass cartridge filled with dye. A continuous record of dye concentration in arterial blood was obtained by constant withdrawal of blood via a Riley needle placed in the radial artery, through the cuvette densitometer by means of a motor-driven syringe. The output of the densitometer was led into an appropriate galvanometer, and the curve was recorded on photographic paper. Heart rate was monitored siinultaneously by continuous electrocardiographic recording of a single lead. Cardiac outputs were determnined at rest and during the last nminute of each of three 4-minute periods of graded exercise separated by 15-minute rest periods. Work loads arbitrarily chosen were RESPONSE OF HEART TO EXERCISE mtore than 200 mnl. of blood were withdrawn during each comnplete study. Stroke volume was calculated by dividing the cardiac output in milliliters by the electrocardiographically deternmined heart rate. Calibration curves were constructed each time on whole blood, to which known increments of dye were added by means of lambda pipettes.
Attention was given to the dead space between the arterial needle and the cuvette, the character of calibration curves done on undyed and dyed blood, and to the question of early recirculation. The dead space was determined to be less than 0.3 ml.; calibration curves were linear (although occasionally the zero point was not intersected) and showed no difference in value before and after each study.
It has been our practice to inject dye into a peripheral vein for the determination of cardiac output. Care has been taken to ensure rapid and complete delivery of the dye by a specially devised imiethod whereby the dye is simultaneously delivered and flushed by 10 to 15 ml. of saline within 2 seconds. Since a long pathway from injection to sampling site may allow recirculating dye to distort or alter the descending limb of the curve, particularly during exercise, injection was made through a cardiac catheter (NIH no. 7) placed into the superior vena eava in two individuals, and compared with the results of peripheral injections. On multiple injections the mechanical resistance offered by the catheter system was considerably greater than with peripheral injection, and rate of delivery was slower. The arrival tinme of the dye for both methods of injection was virtually identical, but the calculated cardiac output for the catheter studies was lower by as much as 4 liters per minute. These observations suggested that rakpid simultaneous delivery and flushing of dye into a peripheral vein carries it to the portals of the heart almost instantaneously. Furthermore, in all normal subjects inereasing magnitudes of exercise consistently resulted in smaller dye curves, indicating that increased cardiac output was reflected by use of a peripheral injection. The effect of early recirculation due to shortened pathways on the dye curve would be to increase its area.
The downslope of the semilogarithmic plots of these curves was always linear and was abruptly interrupted by evident recirculation. Although a straight line semilogarithniic plot provides evidence against unapparent recirculation altering the curve of first circulation, it does not constitute absolute proof of its absence.24 The method is subject to this potential although controversial source of error, but, in our hands, use of a cardiac catheter has magnified the difficulty due to the resistance offered to rapid injections. Circulation, Volume XXVIII, August, 1963 Results Investigation of cardiac output and related functions by dye-dilution methods has been carried out in this laboratory for the past 5 years and has totaled 792 satisfactory determinations. Results obtained have been highly reproducible. Analysis of duplicate or triplicate determinations of cardiac index at rest on 78 consecutive patients revealed the standard error of the method to be 0.09 L./min.// M1.2 in normal subjects and 0.14 L./min./M.2 in those whose cardiac index was below 2.45 L./min./M.2 (the lower limit of resting normal for this laboratory). During exercise, the physiologic variations to stress and the inconstant emotional response of the subject probably precluded the same degree of reproducibility of cardiac index determined at a specific time for a specific work load. Results obtained, however, on the same subject at different times ( (upper right), who was unable to increase his cardiac output from medium to high exercise: whereas there was a suboptimal rise in stroke volume from low through medium exercise, no further increase occurred during the high- Individual variation was seen in the response of the cardiac index, stroke volume, and heart rate to inereasing work load in both the normal and the abnormal groups. That a virtually complete separation exists between the groups in response to inereasing work load, however, is apparent from the data itself 4s well as in figures 3 Preliminary investigation of cardiodynamic variations during prolonged exercise at each work load has been carried out on five normal subjects and on one patient with moderately severe pulmonary emphysema and cor pulmonale. Their 3-minute responses are reported together with the others in the present paper. Figure 7 illustrates the results obtained on a normal individual (D.J.) who demonstrated steadiness of the cardiac index and heart rate from 3 through 9 minutes at the highest and to a degree during the lowest level of work but not during medium exercise, The other five subjects showed a progressive Circulation, Volume XXVIII, August, 1962 2j42 RESPONSE OF HEART TO EXERCISE rise of cardiac index at each of the three work loads. Four other individuals in the normal group were studied at both 3 and a iminutes of exercise at each level. No predictable "steady state" existed between 3-and 5-minute determinations. In these 10 individuals cardiac output tended to rise progressively with time, and the "steady state" was an inconstant finding.
Discussion

Work Done by Others
In their classic article, Donald and his co-workers1 demonstrated that cardiac output and heart rate increase with inereasing levels of work. The importance of the work intensity in testing was emphasized as well by
Holmigren,2 who also demonstrated that in AS the upright position at rest, cardiac output, stroke volume, and heart volume are lower than in the supine position and that the heart rate is increased.3 4 During exercise, the magnitude of response of these functions varies as well with body position. Reeves et al. 5 suggested that circulatory dynamics during treadmill and supine exercises are so different as to be not comparable. The wide variation in experimental conditions is probably a great factor in the divergence of opinion regarding the inmportance of the stroke volume during exercise. Chapman and his group,6 for example, showed that one third to one half of the inerease in cardiac output during severe treadmill exercise can be attributed to the increase in stroke volume. On the other hand, Donald et Boyes and Wood,7 Holmgren et al. 8 and Rushmer and Smith9 tended to disparage the part played by the stroke volume. In recent studies on normal and abnormal subjects with the Fick principle and with leg-raising exercise designed to evoke oxygen consumption of " twoto threefold over resting -values," 35 per cent of normal subjects failed to show a significant rise in stroke volume. 10 The method of determination of cardiac output and its related functions must be considered critically. Most reported studies have employed the direct Fick analysis of oxygen consumption and arteriovenous oxygen difference during exercise at a "steady state," based upon the conclusion of Donald and his co-workers,' that a "steady state" is present normally from 2 to 5 minutes of exercise at a given work load. A careful perusal of the individual results in this study, though, will reveal that, in at least one of the four subjects Stroke volume vs. work: normal subjects and individuals with heart disease at rest and at 3 to 4 minutes of exercise.
for each work load, the minute-to-minute variation of the cardiac index was great and unpredictable. Thus, at least 25 per cent of the time, there was no "steady state" and unless this condition is fulfilled, the Fick principle is invalid."" II Lack of a "steady state' during exercise has also been pointed out by Holmgren and Pernow'2 and by Levy and his co-workers. 13 The problem of achieving a "steady state" in patients with heart disease is more complex than it is in normal subjects. Data of minute-to-minute supine exercise determinations reported by Donald and his co-workers14 do not support the contention that a "steady state" usually occurred in 2 to 3 minutes in patients with mitral stenosis. Individual variations of cardiac index with heart rate at rest and during exercise at each work load (normals, solid lines; abnormals, dotted lines). Some responses in normal subjects are included at 5 to 6 minutes of each exercise here and in figure 6. The response of the cardiac index and heart rate of a normal subject (D.J.), periodically determined during extended exercise at low, medium, and high work loads.
supine exercise performed, a minimum of 5 minutes was required for the individual with rheumatic heart disease to reach a steady state, and that the only consistent hemodynamic variation with exercise was aggravation of resting pulmonary hypertension. By means of the cardiac catheter and the Fick equation, the natural history of specific types of cardiac disease has been explored. These studies correlate clinical patient evaluation with intraeardiac and intravascular pressure measurements both at rest and during some form of exercise. '6' 17 In mitral steno-sis14 18 and hypertensive cardiovaseular disease,18' 19 for example, clinical deterioration is associated with the development of pulmonary arterial hypertension and increase in pulmonary capillary wedge pressure, at first only during exercise but later also at rest. The behavior of the cardiac output and stroke volume in these investigations correlates poorly with progression of disease. There is much overlap among individuals in different functional classes with respect to these measurements both at rest and during exercise.
Lewis, Houssay, Haynes, and Dexter,20 however, found that with the development of severe congestive heart failure, stroke index consistently either did not change or tended to decrease on exercise. It has been customary for investigators who employ Fick methods studying exercise cardiodynamics to equate oxygen consumption with work. Donald and his co-workers1 demoinstrated a distinctly linear relationship between the two. The more recent work of Huckabee and Judson,21 however, raises doubt as to the validity of this equation. They demonstrated that in patients in congestive heart failure, 20 to 50 per cent of the energy required for the performance of very mild exercise was supplied anaerobically. Thus, oxygen Circulation, Volume The results of the present study show that the behavior of the stroke volume during increasing grades of exercise clearly distinguishes normal individuals from even mild cardiac patients. It is evident that under the conditions of this experiment the ability of the cardiac patient to increase his stroke output is impaired.
Increasing levels of exercise characteristically evoke increases in cardiac output and heart rate. The magnitude and slope of rise of cardiac index with respect to heart rate, however, are decidedly limited in patients with heart disease. The separation of normal and abnormal subjects on the basis of cardiac index and stroke volume response beconmes increasingly widened with inereasing magnitudes of work. Analysis of the over-all responses of the individual to varying degrees of exercise allows a functional assessment of the capacity of his heart.
Prior to the actual exercise determinations, The observed mean increment of cardiac output as compa-ed to a hyp,othetical state in which increments of output were calculated from the product of heart rate at each wvork load and resting stroke volume.
leties. All sedentary normal subjects demonstrated relatively flatter cardiac index-heart rate curves, whose magnitude, however, was generally greater than those of athletic individuals with heart disease. This implies that for given heart rate, a poorly conditioned normal individual tends to have a higher cardiae index than does a well-conditioned cardiac patient. The effects of physical conditioning are even more apparent among the normal subjects when stroke index is plotted against cardiac index ( fig. 6 ), for all curves to the right represent the responses of former athletes. Thus, athletes tend to have a higher stroke output at rest and to increase this more during exercise than do sedentary individuals. Patients with heart disease usually have lower resting stroke volumes and stroke indices than do normal individuals. Even those with minimal lesions, as for example R.H. with asymptomatic pulmonary stenosis, are unable to raise their stroke outputs during exercise beyond the average resting normal value. No abnormal person achieved a stroke volume of more than 83 ml./beat for any exercise deter-mination between 3 and 4 minutes. In fact, with more severe cardiac impairment, stroke volume tended to decrease significantly with increasing levels of work.
When mean values of our data from normal subjects are expressed as fractional increments of the resting values ( fig. 8 ), it is evident that the output of the heart is augmented in a linear fashion with respect to work, and that increments of heart rate and stroke volume each contribute to this rise. A similar analysis of the mean data from the abnormal group reveals a qualitatively similar response, with identical increments of the two groups with respect to heart rate, but with smaller increments of both stroke volume and cardiac output in the abnormal subjects. Considered as a group, therefore, the patients with cardiovascular disease in this study had lower resting cardiac outputs and stroke volumes, and failed to augment these to some degree as did the normal persons.
Increments of heart rate and stroke volume contributed to the rise of cardiac output in response to exercise in all normal individuals. To illustrate the relative importance of these two dependent variables the observed mean increment in cardiac output in normal individuals was compared to a hypothetical state in which stroke volume was assumed to be fixed at the resting value, and increments of cardiac output were calculated from the product of the heart rate at each work load and resting stroke volume ( fig. 9 ). While ratedependent minute-output increments may be sufficient to meet the needs of the human body during mild stress, they are incapable of doing so at evaen moderate work loads, where the necessity for a rise in stroke volume to augment cardiac output is readily apparent. It must be emphasized here that it is the actual level of stroke volume achieved, rather than its percentage increase alone, that appears to underlie the efficiency of cardiac function.
The controversy in the literat1ure 0 6,7,9,1022,23 regarding the significance of increments of stroke volume in the normal individual under stress may be resolved through the technic of determining his cardiac response at rest, and at the same moment during several periods of consistent but different exercise loads. By the use of these methods in our laboratory we believe we have established that increments of stroke volume assume a significant role in augmenting cardiac output.
Summary and Conclusions
With use of dye-dilution methods for the determination of cardiac output in conjunction with multiple, graded-exercise loads, normal and abnormal human subjects were studied.
In normal individuals the response of the cardiac output and stroke volume to the stress of graded exercise may be utilized to assess the functional capacity of the heart; increments of cardiac output under the stress of exercise are governed by stroke volume as well as heart rate.
In subjects with heart disease there is a definite limitation in the response of the eardiac output to graded exercise; this limitation is conditioned by an inadequacy of stroke volume. Progressively severe dysfunction is associated with progressive diminution in the Circulation, Volume XXVIII, August, 1963 capacity of stroke volume to rise during exercise; with severe impairment, stroke volume tends to fall during even mild exertion.
